We began, in this work, by the synthesis of the Cu(II) complex with DL-a-alanine which is characterized by powder X-ray diffraction, the UV-visible spectroscopy and the infrared spectroscopy. The RXs show that the complex has the formula C 6 H 12 N 2 O 4 Cu, 2H 2 O while the experimental data show that the ligand is bidentate and the studied complex adopts octahedral stereochemistry. We then studied the inhibitory effect of Bis (DL-a-alaninato) copper dihydrate complex on ordinary steel in 1M HCl solution. The corrosion inhibition study of this complex was carried out by the electrochemical method (stationary and transient). The measurements carried out by this method gave a maximum efficiency of 88% to 10 -5 M of Bis (DL-a-alaninato) copper dihydrate complex on an ordinary steel surface of 1 to 2 cm dimension in the presence of a 1M HCl solution. The obtained results show that the adsorption process of the Bis (DL-a-alaninato) copper dihydrate complex on the metal surface obeys the Langmuir adsorption isotherm.
INTRODUCTION
Copper is an essential element for many life forms since it is present in plants, animals and it used in various application industriel 1, 2 . This metal forms stable complexes with amino acids 3 .
The latter have both the amine function and the carboxylic acid function. The general formula in most cases is H2N CH R COOH where R is an organic substituent which is known under the name "side chain") 4, 5 . Nine of the 20 standard amino acids are called "essential" amino acids for human beings as long as they cannot be created from other compounds. They should be taken as food supplements 6, 7 . Others may be conditionally essential for certain ages or medical conditions [8] [9] [10] .
Amino acids, which represent the unity of proteins, are attractive because they can bind to metal cations like other organic ligands which are rich in coordination sites (one or two carboxylic groups, amino group). Moreover, their mode of coordination is flexible (monodentate, bidentate or tridentate ligands) 11 .
The current interest in Cu complexes derives from their potential use as antimicrobial, antiviral, anti-inflammatory, anti-tumor agents, enzyme inhibitors, and chemical nucleases 12 .
The literature studying the effect of metal complexes as an inhibitor of steel corrosion in an acidic solution is very limited [13] [14] [15] [16] .
Corrosion is a phenomenon of degradation of metallic materials by the environment 17 . This phenomenon concerns most industrial sectors, notably the aeronautics industry, the automotive industry and the chemical and petrochemical industries 18 in which the economic stakes are therefore considerable. Corrosion is not only a source of wastage of raw materials and energy but can also cause serious accidents and therefore contributes to environmental pollution 19 .
The use of low-concentration inhibitors is one of the most practical methods for protecting and limiting the attack of metallic materials, which is easy to implement and inexpensive 20, 21 . Acid solutions are widely used in industry, with the main areas of application being steel pickling, cleaning of facilities, stimulation of oil wells, and crude oil refining 22, 23 . As an acid medium, HCl is one of the most widely used agents in many industrial processes, causing metal degradation due to its aggressiveness, either by chemical or electrochemical reactions.
Our objective is to synthesize the Bis (DL-a-alaninato) copper dihydrate complex from ligand alanine with good yield. This complex has the advantage of being soluble in aqueous media. After purification, the complex is analyzed by powder X-ray diffraction, the UV-visible spectroscopy and the infrared spectroscopy. The inhibitory efficacy of Bis (DL-a-alaninato) copper dihydrate reaches a maximum value of 88% at 10-5 M.
MATERIALS AND METHODS

Instruments
Infrared spectra (KBr disks) were recorded IRTF Vertex 70 Infrared Spectrophotometer in the range of 4000 to 400 cm -1 . The UV-visible spectrophotometric studies were performed in the range of 200-800 nm by using an SP-2000UV Spectrophotometer with a 1 cm cell at a concentration of 10-3 M in water at room temperature.
The studied phase was characterized by X-ray powder diffraction and the diffractogram was recorded at room temperature on a pure sample by using a PANalytical X'Pert3 Powder diffractometer, which operates with copper Ka ra d i a t i o n (l = 1.5406 Å).
The preparation of the Cu (II) complex with the amino acid (DL-a -alanine)
The Bis (DL-a-alaninato) copper dihydrate was synthesized according to the classical literature method 24 
.
This complex is prepared with stirring at room temperature. 1.8067 g (2.0310 -2 mol) of alanine dissolved in 20 ml of water was introduced into an erlenmeyer flask. 2.0503 g (2.0310 -2 mol) of triethylamin was added to deprotonate the amino acid.
A solution consisting of 2.6862 g (1.1110 -2 mol) of copper chloride hexahydrate in 10 ml of water was added dropwise with the aid of a burette. When the addition was complete, the reaction is kept under stirring at room temperature for 4 hours.
A precipitate formed. The blue precipitate was filtered on a frit with a vacuum flask and washed with ethanol. A blue powder was obtained and was dried in an oven at 60°C. The calculated yield from the obtained dry powder is equal to 86%. The complexing reaction of Cu (II) with DL-a-alanine can be represented as follows:
The used materials
The material used in corrosion study is an ordinary steel whose chemical composition (%) is given in Table 1 .
Solution
The Bis (DL-a-alaninato) copper dihydrate is used as an inhibitor in 1M HCl solution, prepared from commercial solution, hydrochloric acid (37%) by using double distilled water. The concentrations used for the inhibitor range from 10 -3 to 10 -6 M.
Electrochemical measurements
The electrochemical experiments are carried out in a pyrex cell equipped with a conventional three-electrode assembly: steel (1 cm 2) as working electrode (ET), platinum as auxiliary electrode and Ag / AgCl electrodes as reference electrodes.
The intensity-potential curves are obtained in the potentiodynamic mode. The potential applied to the sample varies continuously with a scanning rate of 1MV / s. We have chosen a relatively low scanning speed so as to be in the quasi-stationary mode. The measurements are made with a mounting including a galvanostat potentiometer PGZ100, of radiometer type, associated with the Voltamaster 4 software. Before the curves are plotted, the working electrode is maintained for 30 minutes at its abort potential. We first plotted the cathodic curves and then the anodic curves.
RESULTS AND DISCUSSIONS
A n a l y z i n g m e t h o d s o f t h e B i s (DL-a-alaninato) complex copper dihydrate
The structure of the complex was determined from the following spectral data: IR spectroscopy, UVvisible spectroscopy and X-ray powder diffraction.
Infrared Spectroscopy
The main infrared absorption bands (in cm -1 ) of ligand and complex are shown in Table 2 . The characteristic bands are in agreement with the data of the literature [25] [26] [27] [28] [29] [30] [31] .
The examination of the IR spectrum of complex in comparison with corresponding ligand made it possible to notice the following points:
• The IR spectra of amino acids show localized bands in the 2934-3037 cm -1 region attributed to elongation vibrations ν (N-H) 25 .
• The wave numbers in the 1393-1415 cm -1 and 1583-1664 cm -1 domains correspond to symmetrical and asymmetric elongation .
In the [Bis (DL-a-alaninato) copper dihydrate.complex, the NH2 functional band is shifted towards 3158.5 cm -1 , which proves that the binding of the -NH2 group in the complex is formed 27 . In alanine, two absorptions related to the two asymmetric and symmetric vibration modes are characteristic of the carboxyl ion COO -28 . In the alanine complex, the asymmetric ν (C=O) vibration band moves from 1593 to 1625 cm -1 and the symmetrical vibrating band ν (C=O) moves from 1410 to 1395 cm -1 . The slipping of the position of the bands ν(C=O)as and ν (C=O) s in the complex with respect to the ligand suggests that alanine is coordinated with copper by the COO-group 29, 30 .
•
The 
The UV-visible spectrophotometry
The electron spectrum of copper (II) complex with alanine was recorded in water at the concentration of 10 -3 M. The obtained results are summarized in Table 3 .
The UV-Visible electron spectrum of the ligand in water has two bands: one at 322 nm and the other at 389 nm. This bands are attributed to the transition (n → p*) 32 .
The UV-Visible electron spectrum of the Cu(II) complex shows the following bands at 389, 441 and 620 nm. The first band is attributed to ligand-metal charge transfer (L → M), while the last two bands are attributed to the transitions d-d ( 2 Eg 2 T 2 g). This transition is characteristic of an octahedral geometry 33, 34 .
X-ray diffraction study
The experimental powder diffraction pattern is depicted in Figure 1 . Indexing results show Bis(DL-a-alaninato) copper dihydrate complex is monoclinic with space group C2 and unitcell parametersa=12.0862(9)Å, b=9.6048(9)Å, c=8.9915(6)Å, b=110.887(3)°,unit-cell volume V=975.19Å³, Z=4, and space group C2 (Table 4) . After Pawley refinement, the unit-cell parameters of Bis(DL-a-alaninato) copper dihydrate complex were solved. All lines of powder data were indexed and consistent with the C2 space group.
Electrochemical study Polarization curves
Fig1 shows the polarization curves of the ordinary steel in 1M HCl in the absence and presence of Bis (DL-a-alaninato) copper dihydrate at various concentrations ranging from 10 -3 to 10 -6
M at 298 K.
The (EI%) inhibition efficiency is defined as follows:
... (1) Where icorr and icorr / inh are the corrosion current densities in the absence and in the presence of the inhibitor respectively, obtained by extrapolating the cathodic and anodic Tafel line to the corrosion potential (Ecorr). It is clear from Table 5 that the cathodic current density decreases with decreasing the inhibitor concentration to one at a concentration of 10 -5 M, which indicates the inhibition of the reaction of the hydrogen release. It can be concluded that this is a cathodic inhibitor, and the parallel cathode Tafel curves show that the evolution of hydrogen is controlled by the pure activation mechanism 37, 38 .
The electrochemical parameters as well as the inhibitory efficiency obtained from the polarization curve are given in Table 5 . We notice that the inhibitory power of the complex tested increases with the decrease of the concentration to reach a maximum value of 88% at 10 -5 M.
Study by the electrochemical impedance spectroscopy (EIS)
We used the techniques of EIS to confirm the results which were obtained by the polarization curves and to have more information about the mechanism of corrosion of ordinary steel.
The inhibition efficiency is evaluated from the transfer resistance (ERct%) which is defined by using the following equation:
... (2) Where Rct / inh and Rt are the charge transfer resistors in the presence and the absence of the inhibitor respectively. The impedance spectra for ordinary steel in 1M HCl with and without the Bis (DL-a-alaninato) copper dihydrate complex at different concentrations and at 298 K are shown in the form of the Nyquist diagrams which is given in Fig 3. According to the diagrams, we find that for all concentrations, there is a single capacitive loop corresponding to the charge transfer resistance whose diameter increases with the decrease in the concentration of the Bis (DL-a-alaninato) copper dihydrate complex. Table 6 are showing that:
The results in
The charge transfer resistance increases with decreasing concentration of the Bis (DL-aalaninato) copper dihydrate complex to one at a concentration of 10 -5 M while the capacity of the double layer decreases. This decrease in Cdl is due to the adsorption of the inhibitor on the surface of the steel.
The inhibitory efficiency increases with the decrease of the concentration of the inhibitor to reach a maximum value of 87% at 10 -5 M.
Adsorption Isotherm
The recovery rate values (θ) for the different complex concentrations, which are obtained from the electrochemical measurements of the 298 K temperature bias curves (Table 5) , were used to determine the isotherm corresponding to the adsorption process of the complex. Thus, different isotherm corresponding to Langmuir, Temkin and Frumkin were tested to find the suitable adsorption isotherm (Fig 4, 5 and 6 ). These adsorption isotherms were used for other inhibitors [39. . According to these isotherms, θ is connected to the inhibitor concentration Cinh by the following equations: (Langmuir adsorption isotherm) ... (3) (Temkin adsorption isotherm) ... (4) (Frumkin adsorption isotherm) ... (5) Where a is an interaction constant between adsorbed particles, K ads is the equilibrium constant of the adsorption process and C inh is the concentration of the inhibitor in the electrolyte.
The θ values are present graphically according to the suitable adsorption isotherm. Only the Cinh/θ curve in view of the concentration is linear with a correlation coefficient greater than 0.99 for the complex (Fig 4) , which shows that the adsorption of the complex on the steel surface in the hydrochloric medium obeys to the adsorption isotherm of Langmuir.
Temperature effect
Temperature is one of the factors which are likely to modify both the behavior of steel in a corrosive medium and the nature of the metal / inhibitor interaction.
The increase in temperature has a significant effect on the formation of the inhibitor film. Indeed, a rise in temperature favors the inhibitor desorption as well as rapid dissolution of the formed organic compounds or complexes. This leads to the weakening of the corrosion resistance of the steel 40 .
In order to examine the influence of this parameter on the inhibitory efficiency of Bis (DL-a-alaninato) copper dihydrate for the optimal concentration 10 -5 M, we performed stationary electrochemical measurements in potentiodynamic mode in a temperature ranging from 298K to 328K.
We plotted the polarization curves of steel with and without Bis (DL-a-alaninato) copper dihydrate (Figs. 7 and 8 ).
In order to study the effect of temperature on the inhibition efficiency of Bis (DL-a -alaninato) copper dihydrate, the parameters are determined from the potentio-static polarization curves. The measurements are carried out in the absence and the presence of an inhibitor at 10 -5 M in the temperature range 298-328 K. The parameters gathered in table 7 suggest that Bis (DL-a-alaninato) copper dihydrate is well adsorbed on the surface of steel in the 1M HCl solution at all the temperatures studied. They also show that the corrosion current density increases with increasing temperature. The increase in temperature usually accelerates the corrosion reactions which translates a dissolution of metal with a higher velocity. The inhibitory efficiency of Bis (DL-a-alaninato) copper dihydrate increases with temperature to reach a maximum value of 88% at 298K for a concentration of 10 -5 M. The calculation of the activation parameters for the corrosion process is carried out by using the Arrhenius equations (6 and 7) 41 .
...(6) ... (8) ... (9) h : Plank Constant N : Number of Avogadro Fig 8 and 9 show the variation of the logarithm of the corrosion current density respectively Ln (I corr ) and Ln(I corr / T) of the ordinary steel in HCl alone and in the presence of Bis (DLa-alaninato) copper dihydrate at different concentrations, depending on the inverse of the absolute temperature (1000 / T).
We notice that the variations Ln(I corr ) = f(1/T) and Ln (I corr / T) = F(1/T)are substantially linear whose regression coefficient R is of the order 0.97. They obey the Arrhenius law both in the absence and the presence of Bis (DL-a-alaninato) copper dihydrate.
These results enabled us to calculate the apparent activation energies, the enthalpies and The values of the relative thermodynamic quantities of this inhibitor derived from Fig 8 and 9 and those obtained by using equation (8) are given in Table 8 .
The studied inhibitor is adsorbed on the surface by electrostatic bonds (physisorbed on the surface of the electrode). Indeed, the Ea value for Bis (DL-a-alaninato) copper dihydrate is greater than the Ea value which is obtained for the solution without inhibitor.
The positive signs of enthalpies ∆H 0 abs reflect the endothermic nature of the steel dissolution process. Indeed, the increase in the enthalpy of activation ∆H 0 abs with the concentration corresponds to a decrease in the dissolution of the metal 44 .
The value ∆S 0 ads of in the presence of the inhibitor is high and positive, which indicates an increase in the disorder involved in the formation of the metal complex /adsorbed species 45, 46 .
CONCLUSION
We presented, in this work, the synthesis of the complexation of alanine with copper chloride hexahydrate. The structure of the complex was characterized by powder X-ray diffraction, the UVvisible spectroscopy and the infrared spectroscopy.
The study of the corrosion inhibition of this complex was carried out by the electrochemical method (stationary and transient), which led us to conclude that:
The Bis (DL-a-alaninato) copper dihydrate acts as an effective corrosion inhibitor for ordinary steel in 1M HCl acid medium.
The decrease of the concentration of the inhibitor in a corrosive medium results in a decrease in the corrosion density.
•
The inhibitory efficiency increases with the decrease of the concentration of the inhibitor to reach a maximum value of 88% at 10 -5 M.
The displacements of the potential show that it is an inhibitor of cathodic nature.
The adsorption of Bis (DL-a -alaninato) copper dihydrate on the metal surface obeys the Langmuir adsorption isotherm.
